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Clustering of mutant pollen grains in a population of normal pollen due to premeiotic
mutational events complicates translating mutation frequencies into rates. Embryo ontogeny
in barley will be described and used to illustrate the formation of such mutant clusters. The
nature of the statistics for mutation frequency will be described from a study of the reversion
frequencies of various waxy mutants in barley.
Computer analysis by a "jackknife" method of the reversion frequencies of a waxy mutant

treated with the mutagen sodium azide showed a significantly higher reversion frequency than
untreated material. Problems of the computer analysis suggest a better experimental design for
pollen mutation experiments. Preliminary work on computer modeling for pollen development
and mutation will be described.

The determination of mutation frequencies in
pollen systems produces many technical problems
such as consistency in mutation scoring, accurate
counting of pollen grains, staining procedures, and
eventually automation of these procedures. How-
ever, before the mutation frequencies can be trans-
lated into mutation rates, the different factors that
influence pollen mutation frequencies must be un-
derstood.

Typical pollen mutation data, which in this case
are spontaneous reversion data of an azide-induced
waxy mutant (Az 22) in barley, are shown in Table
1. These data are from the analysis of spikes from
four plants. The individual spikes show almost a
twentyfold difference in reversion frequency from
the highest to the lowest. Some of the spikes show
pronounced mutant clustering, such as spike #1
from plant 80-42 where the reversion frequency is
nearly 10-3.

Although spike reversion frequencies show con-
siderable variability, reversion frequencies for whole
plants can be quite homogeneous. The reversion
frequencies for the plants in Table 1 were 3.16 x
10-4, 1.64 x 10-4, 1.69 x 10-4, and 1.75 x 10-4
respectively.
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The developmental phase of the plant at the time
of mutation induction has a great effect on mutant
cluster size. The ontogeny in the gramineae is well
understood and will be used as an example to
illustrate this effect. Studies of early embryogenesis
in the grasses show that the early embryo is
undifferentiated up to the seventh day after fertil-
ization in corn (1). When the seed is developed
completely, there is a root and a shoot system with
3-5 leaves. Mullenax (2), in a study of the mature
barley seed, showed the differentiated leaves in the
seed, and at this stage there were two tiller buds
differentiated, one in the axil of the coleoptile and
the other in the axil of the first leaf. The tiller buds
are of great importance since each may initiate an
inflorescence. By the seventh day following germi-
nation in barley, as many as six prfinary tillers and
a number of secondary tillers can be initiated. Each
tiller which develops will produce a mature spike
with up to 60 florets which contain 180 anthers and
250,000 or more pollen grains.

Within each spike during the maturation process
there is a wide range of floret development. For
pollen mutagenesis it is very important to under-
stand the inflorescence development since the tim-
ing of the mutagen treatment in respect to the
development of the inflorescence will affect the
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Table 1. Reversion frequencies of waxy mutant Az 22.

Plant no. Spike no. No. pollen No. revertant pollen Reversion frequency

80-42 1 48,200 47 9.75 x 10-4
2 30,200 20 6.62 x 10-4
3 70,520 12 1.70 x 10-4
4 78,360 10 1.28 x 10-4
5 91,880 12 1.31 x 10-4

80-43 1 55,600 15 2.70 x 10-4
2 45,240 7 1.55 x 10-4
3 52,040 3 5.76 x 10-5

80-44 1 46,880 15 3.20 x 10-4
2 115,840 17 1.47 x 10-4
3 18,120 8 4.42 x 10-4
4 69,560 6 8.62 x 10-5
5 48,040 3 6.24 x 10-5
6 50,600 10 1.98 x 10-4

80-45 1 34,160 6 1.75 x 10-4

mutation frequency data. Williams (3) grew wheat
plants under uniform conditions in order to study
the events following seed germination. At the 16th
day of growth, the sixth leaf was barely 0.4 mm in
length, but at this stage the apex was elongating
prior to spike formation. From this time on spikelet
initials grow precociously and foliar growth is
restricted. In a typical spike, by the 25th day all the
spikelets are induced, and by 30 days the first
stamens appear. Both stamens and carpels are
developed by 34 days and the florets in the spike
are essentially complete by 50 days, with anthesis
at the 55th day following germination.

Tillering in barley and wheat is a further compli-
cating factor. The first tiller primordium in the axil
of the coleoptile usually does not develop, but the
other tillers potentially will develop and show a
wide range of stages of spike development at any

one time. Obviously, mutation frequency data will
be influenced greatly by the tiller sampled. A good
sampling procedure is to take the first primary
spike from each plant in a plot.
There are a number of reasons for mutant

clustering and the developmental phase of the plant
at the time of the mutational event is an important
one. A mutation in a tiller initial in a seed would
yield a large cluster ofmutant pollen grains, whereas
a mutation at meiosis would theoretically yield one
or two mutant pollen grains. Clustering can also be
caused by persistence of mutagens and/or coinci-
dence of mutation (4).
Another factor influencing mutant cluster size is

the so-called genetically effective cell number (5).
This GECN is essentially the number of primordial
cells at the time of mutation induction which de-
velop into an inflorescence. A careful study of
chlorophyll mutation segregation ratios in primary
barley spikes in our laboratory shows that their
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average GECN is six. Chlorophyll mutation segre-
gation ratios for individual spikes appear approx-
imately in a series of 3:1, 7:1, 11:1, 15:1, etc. Table 2
shows the relationship between GECN and segre-
gation ratios.

Individual spikes scored vary in apparent GECN
from one to twelve or more; however, the concept is
probably valid only as a gross average since there
are so many other factors affecting segregation
ratios. The GECN determined for barley from M3
data by the method of Li and Redei (5) also gave a
value of six.
The most difficult statistical problem in deriving

mutation rates from mutation frequencies is esti-
mating the number of mutational events which
produce a mutational cluster. The cluster could be
caused by one mutation early in the plant develop-
ment or a number of events later in the develop-
ment (6). The type of mutagen is of importance
also, since a persistent mutagen such as azide
would be expected to produce more coincidence of
mutation than mutagens such as radiation.

Table 2. Genetically effective cell number (GECN)

Segregation ratio GECN

3:1 1
7:1 2

11:1 3
15:1 4
19:1 5
23:1 6
27:1 7
31:1 8
35:1 9
39:1 10
43:1 11
47:1 12
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There have been a number of methods for analy-
sis of mutation data (6-9). The statistical methods
are needed to give a test of significance between
mutation frequencies of treated materials and con-
trols and also differences between the spontaneous
reversion frequencies of various waxy mutants.
Computer analysis of our data by one of the present
authors (10) showed that the models generally used
for mutational data are too simplistic. The statisti-
cal distributions such as binomial, Poisson, or nega-
tive binomial were not appropriate for the data. A
"jackknife" method was then used to analyze the
data (11). This is a relatively model free data-based
method that yields an estimate of the variability.
The jackknife starts with the easiest estimate which
is the number of revertants divided by the number
of pollen grains in that spike. These are the statis-
tics derived: p = the true proportion of mutations,
P is the raw estimate = X 3/N0 in spike i of plant
j, where X = number of revertants and N = total
number of pollen; ,u = -log (L - P) = mean rate
of mutation initiation, the raw estimate is ,u.; Q
= log ,u; and the estimate is Q is the logarithm
of the rate of initiation of mutations estimated for
each spike. The log transformation can be justi-
fied as being nearly "variance stabilizing."
A grand mean of the p estimates for each spike is

computed, and then the data are recomputed
sequentially, leaving out one spike at a time, and a
series of so-called pseudo estimates of Q are de-
rived which are the natural logarithms of the rate of
mutation initiation. In the next step the average of
pseudo estimates is compared with the grand mean.
A relatively model free standard error of the mean
can be computed by using the pseudo estimates.
The jackknife method was used on some prelimi-

nary 1979 waxy mutant data. The difference be-
tween mutagen-treated and untreated Az 22 rever-
sion frequency was analyzed, and although the
variation between plants was great, a significant
difference in reversion frequency was demonstrated.
The 1980 data were much more consistent due to

better revertant scoring and sampling methods. As
a result of this analysis of azide-induced reversions,
four waxy mutants are being studied in more detail.
For this study two putative y-ray-induced waxy
mutants and two azide-induced mutants have been
chosen. The two gamma mutants differ significantly
in reversion frequencies, as do the two azide mu-
tants. Four different azide concentrations will be
used constituting a test of the computer method to
differentiate treatment effects and a test of the

sensitivity of the waxy mutants to small differences
in mutagen concentration. The optimum plot sam-
pling method has not been worked out; however, it
is clear that a sample of at least five to ten plants
and four or more spikes per plant giving a total
pollen number scored for mutations of over a mil-
lion is the minimum necessary.
A computer model for azide mutagenesis in bar-

ley is being attempted. In a simplified approach we
have included the factors that the mutagen is
persistent from seed treatment until meiosis, that
the mutagen is diluted by the cell number increase,
and that there is a tenfold sensitivity increase
during meiosis (9). Starting from this simplistic
approach, it is hoped that we will be able to
simulate the data from actual mutant counts, and in
this way produce a good model for analysis of the
pollen mutation data.
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